Human telomeres bind shelterin, the six-subunit protein complex that protects chromosome ends from the DNA damage response and regulates telomere length maintenance by telomerase. We used quantitative immunoblotting to determine the abundance and stoichiometry of the shelterin proteins in the chromatin-bound protein fraction of human cells. The abundance of shelterin components was similar in primary and transformed cells and was not correlated with telomere length. The duplex telomeric DNA binding factors in shelterin, TRF1 and TRF2, were sufficiently abundant to cover all telomeric DNA in cells with short telomeres. The TPP1⅐POT1 heterodimer was present 50 -100 copies/telomere, which is in excess of its singlestranded telomeric DNA binding sites, indicating that some of the TPP1⅐POT1 in shelterin is not associated with the singlestranded telomeric DNA. TRF2 and Rap1 were present at 1:1 stoichiometry as were TPP1 and POT1. The abundance of TIN2 was sufficient to allow each TRF1 and TRF2 to bind to TIN2. Remarkably, TPP1 and POT1 were ϳ10-fold less abundant than their TIN2 partner in shelterin, raising the question of what limits the accumulation of TPP1⅐POT1 at telomeres. Finally, we report that a 10-fold reduction in TRF2 affects the regulation of telomere length but not the protection of telomeres in tumor cell lines.
Telomeres solve the two main problems associated with the organization of eukaryotic genetic information on linear chromosomes: that is, the end-replication problem and the endprotection problem. The end-replication problem is solved by the interaction of telomeres with telomerase, a telomerespecific reverse transcriptase that can replenish telomeric sequences lost during DNA replication (1) . Mammalian telomeres solve the end-protection problem through their association with shelterin, a six-protein complex that specifically associates with telomeric DNA and represses both DNA damage signaling and double-strand break repair reactions at the chromosome ends (2) .
Shelterin binds to the duplex telomeric TTAGGG repeat array through two related DNA-binding proteins, TRF1 and TRF2 (3) (4) (5) . A third DNA binding factor in shelterin, POT1, binds to single-stranded TTAGGG repeats (6) . A 50 -400-nucleotide stretch of single-stranded DNA is found at the 3Ј terminus of telomeres (7) or at a telomere-internal displacement loop (D loop) that is formed by strand-invasion of the 3Ј overhang when telomeres are in the t-loop configuration (8) . In vitro, POT1 can bind to TTAGGG repeats both at a 3Ј end and at the non-terminal sites found in the D loop (9 -12) . The POT1 DNA binding activity is enhanced by its binding partner TPP1 (9 -12) . TPP1 also connects POT1 to TIN2, which binds to TRF1 and TRF2 (13) (14) (15) (16) (17) (18) (19) . The sixth component of human shelterin, Rap1, interacts with TRF2 (20) .
The view that the shelterin components can form a single six-subunit complex at telomeres has emerged from both the biochemical purification of the six-protein complex and studies of the protein-protein interaction network, including the finding that TIN2 can bind TRF1 and TRF2 simultaneously and the fact that immunoprecipitation of TRF1 brings down all other members of the complex (14 -19, 21) . In addition to the sixmember complex, a five-member complex lacking TRF1 and a separate TRF2⅐Rap1 complex can be isolated from nuclear extracts, but it is unclear to what extent these subcomplexes are formed during the purification. For instance, the association of TRF2⅐Rap1 with the rest of shelterin is diminished in the high concentrations of salt required for the isolation of these chromatin-bound factors (17) . The effects of loss of TRF1, TIN2, TRF2, POT1, and TPP1 on other shelterin components also suggest a more complex situation, consistent with the occurrence of separate TRF1⅐TIN2⅐TPP1⅐POT1 and TRF2⅐Rap1⅐TIN2⅐TPP1⅐POT1 complexes as well as the sixprotein complex. In particular, deletion of TRF2 from mouse cells leads to nearly complete loss of Rap1 protein as determined by immunoblotting, immunofluorescence (IF), 5 and ChIP but only leads to a 2-fold reduction of the telomeric DNA signal in ChIPs with TIN2, TPP1, and POT1 (22, 23) . Furthermore, the telomeric DNA signal in TRF1 ChIPs is not affected when TRF2 is deleted (23) . Similarly, TRF1 remains associated with telomeres in human cells that overexpress a dominant negative allele of TRF2 (24, 25) . These data indicate that TRF1 and TRF2 can bind to telomeres independently but do not address whether they normally do so.
Information on the type of complexes formed by the shelterin proteins is pertinent to attempts to understand how shelterin represses the DNA damage response at telomeres. In this regard, the repression of ATM signaling and inappropriate NHEJ (nonhomologous DNA end joining) at chromosome ends is largely independent of POT1 proteins, whereas repression of ATR kinase signaling does not require TRF2 and Rap1 (23, 26 -28) . However, it is not known whether these separate functions reflect different aspects of one complex or reflect the presence of functionally distinct shelterin subcomplexes at telomeres. Similarly, the abundance and stoichiometry of shelterin subunits is relevant to the question of how telomere length homeostasis is achieved. According to the current "proteincounting" models for telomere-length homeostasis, the shortest telomeres in a cell are preferentially elongated by telomerase due to their diminished loading of shelterin, which acts as an inhibitor of telomerase-mediated telomere elongation (for review, see Ref. 29) . Consistent with this model, inhibition of TRF1, TIN2, TPP1, and POT1 results in telomere elongation by telomerase in vivo (14 -16, 25, 30) , and POT1 has the ability to inhibit telomerase in vitro (31) . According to the simplest version of the protein-counting model, the longer telomeres in a cell will contain more POT1 on the chromosome end, thereby blocking telomerase.
Quantitative analysis of the expression of the shelterin components has not been performed, and their stoichiometry is not known. This information is crucial to understanding the function of this complex and for future biochemical and structural analysis of reconstituted recombinant shelterin. We have determined the abundance of each of the shelterin subunits in human cells with short or long telomeres and established the effects of a 10-fold reduction in the most abundant shelterin component, TRF2, on telomere length regulation and telomere protection.
EXPERIMENTAL PROCEDURES
Cell Lines-HT1080, HTC75, HeLa1.2.11, and HeLaII cell lines were published previously. HeLa1.3 was derived from HeLa1.2.11, and HeLa204 was cloned from HeLaII by subcloning using cloning cylinders, and all human cell lines were genotyped with AmpFlST PCR analysis of polymorphic short tandem repeat loci. Mouse NIH3T3 cells and primary human fibroblasts (IMR90, MRC5, and WI38) were obtained from the ATCC. All cells lines were grown in Dulbecco's modified Eagle's medium supplemented with L-glutamine, penicillinstreptomycin, and nonessential amino acids and serum. HTC75 and HeLa cells were grown in 10% bovine calf serum (HyClone); for primary human cells, media contained 15% fetal bovine serum (Invitrogen).
Baculovirus-derived Proteins-All human shelterin proteins were produced in baculovirus using standard procedures. N-terminal His 6 -tagged TRF1, TRF2, Rap1, and TIN2 proteins were cloned in pBacPac and reported previously (20, 32, 33) . The 458-amino acids open reading frame of human TPP1 (starting with MAGSG) was endowed with a C-terminal His 6 tag and was cloned in pFastBacDual. His-tagged proteins were isolated from Hi5 insect cells on chelating Sepharose fast flow (GE Healthcare) nickel resin. Human POT1 with an N-terminal FLAG tag was cloned in pFBDM (34) . For purification of FLAG-POT1, infected cells were harvested and lysed in 5 ml of cold lysis buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1% Triton X-100, 5 mM ␤-mercaptoethanol supplemented with Roche Applied Science protease inhibitor mixture) per 100 ml of cell culture.
All subsequent steps were done at 4°C. After incubation on ice for 10 min, the mixture was sonicated and cleared by centrifugation at 13,200 rpm for 20 min. The supernatant was incubated with M2 (FLAG antibody)-agarose beads (350-l packed volume/100-ml cell culture) for 2 h on a nutator. Beads were prewashed 3 times in 50 mM Tris, pH 7.4, 150 mM NaCl. Beads were pelleted at 4000 rpm for 1 min and washed once with lysis buffer, once with lysis buffer with 0.5 M NaCl, and once with elution buffer without FLAG peptide (20 mM Tris-HCl, pH 8, 0.1 M KCl, 5 mM MgCl 2 , 10% glycerol, 0.1% Tween 20, 5 mM ␤-mercaptoethanol, 0.2 mM phenylmethylsulfonyl fluoride). Protein was eluted in 3 steps of 400 l of elution buffer with 160-g/ml 3ϫFLAG peptide (Sigma) for 30 min nutating. Proteins were stored at Ϫ80°C.
Immunoblotting-Asynchronously growing cells were trypsinized, resuspended with serum-containing media, and counted using a Coulter counter. After washing with phosphate-buffered saline (PBS), cells were suspended in 2ϫ sample buffer (75 mM Tris-Cl, pH 6.8, 10% glycerol, 2% SDS, 0.05% bromphenol blue, 2.5% ␤-mercaptoethanol) at 10 4 cells/l, heated to 100°C for 5 min, and applied to 8 or 10% SDS-PAGE. Proteins were transferred to nitrocellulose membranes in transfer buffer (25 mM Tris, pH 8.3, 0.192 M glycine, 20% methanol). For POT1, guanidine renaturation was performed as described (25) . Membranes were blocked with PBS, 0.5% Tween 20 with 10% nonfat dry milk at room temperature for 30 min and incubated with primary antibodies (rabbit polyclonal anti-hTRF1 antibody (#371), anti-hTRF2 antibody (#647), antihRap1 antibody (#765), anti-hTIN2 antibody (#864), antihTPP1 antibody (#1150), anti-hPOT1 antibody (#978), mouse monoclonal anti-␥-tubulin antibody (GTU88, Sigma), or anti-␣-tubulin antibody (Sigma) at room temperature for 1 h or at 4°C overnight followed by horseradish peroxidase-conjugated secondary antibodies (Amersham Biosciences) for 30 min. Signals were detected with ECL (Amersham Biosciences) and exposed to x-ray film.
Cell Fractionation-Cell fractionation was performed using the protocol of Méndez and Stillman (35) . Cells were trypsinized, suspended in media containing serum, collected by centrifugation, and washed with PBS. All procedures were performed on ice. Cells were suspended in ice-cold buffer A (10 mM HEPES, pH 7.9, 10 mM KCl, 1.5 mM MgCl 2 , 0.34 M sucrose, 10% glycerol, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, and a protease inhibitor mixture). Triton X-100 as added to 0.1%, and cells were incubated for 10 min. The cytoplasmic fraction was collected by centrifugation at 1300 ϫ g for 4 min. After washing with buffer A, the cell pellet was suspended in buffer B (3 mM, EDTA, 0.2 mM EGTA, 1 mM dithiothreitol, and the protease inhibitors described above) and incubated for 30 min. The lysate was fractionated to the supernatant (soluble nuclear fraction) and pellet (chromatin fraction) by centrifugation at 1700 ϫ g for 4 min.
shRNAs-TRF2 shRNA were cloned in the pSUPERretropuro vector. The sequences of the shRNA targets are as follows: sh1, 5Ј-CAGGAGCATGGTTCCTAATAATA-3Ј; sh2, 5Ј-AAG-CAGAAGTGGACTGTAGAAGA-3Ј; sh5, 5Ј-TCACAGGAG-CATGGTTCCTAATA-3Ј; sh8, 5Ј-AAAGACTTGGCATG-AACTGAAAC-3Ј; sh10, 5Ј-GTAGAACCTTCTCCTAGG-AAATG-3Ј. The sequence of the Luciferase shRNA target is 5Ј-CGTACGCGGAATACTTCGA. The shRNA to POT1 (sh7) in pSUPERIOR retroviral vector was published previously (36) . Retroviral infections were performed as described previously (37) .
Telomere Length Analysis-For telomere length analysis, cells were harvested at the indicated PD, and DNA was isolated and digested with AluI and MboI. DNA was separated on a 0.7% agarose gel and transferred to a Hybond membrane for hybridization using an 800-bp telomeric DNA probe from pSP73Sty11 labeled with [CCCTAA]3-primed Klenow polymerase and [␣-
32 P]dCTP. Blots were exposed to a phosphorimaging screen and quantified telomeric DNA signals using ImageQuant. The rates of telomere shortening were calculated by linear regression. PD 0 was set at day 10 post-infection with the shRNA retroviruses.
Analysis of the Telomere Terminus-Telomere overhang analysis was performed as described previously (27) . Signals were quantified, and the single-stranded telomeric signal (from probing of the native DNA) was normalized to total telomeric DNA signal (from probing of the denatured DNA) in the same lane. The normalized values were compared between samples. The 5Ј-terminal nucleotide was assayed as described previously (38) . For each DNA sample, multiple ligation reactions were performed with individual C-telorettes (see below). EcoRI-digested genomic DNA (10 ng) was incubated in a 10-l reaction mix (1ϫ ligase buffer, 0.5 units of T4 ligase, 10 Ϫ2 -10 Ϫ5 M concentrations of individual telorettes) at 35°C for 12 h. Multiple PCR amplification reactions were performed (26 cycles of 95°C for 15 s, 58°C for 20 s, and 72°C for 10 min) using 1 unit of Fail Safe enzyme mix (Epicenter), 12.5 l of Fail Safe buffer H (2ϫ, manufacturer), and 0.1 M primers (XpYp E2 forward primer and Teltail reverse primer) in a final volume of 25 l containing DNA at 200 pg/l. Amplification products were resolved on a 0.5% agarose gel, denatured, transferred onto a positively charged nylon membrane (Zetaprobe; Bio-Rad), cross-linked with UV (Stratalinker), and hybridized with a subtelomeric probe (generated by PCR amplification using XpYpE2 and XpYpB2 and labeled by random priming). The membrane was exposed to a phosphorimaging screen and scanned by PhosphorImager (Amersham Biosciences).
Co-immunoprecipitation-Co-immunoprecipitation using HeLa1.3 expressing human POT1 or TIN2 was done as previously described (33) . HeLa cells infected with retroviral vectors expressing FLAG-tagged POT1 or TIN2 were dislodged by flushing with cold PBS, collected by centrifugation, and lysed in ice-cold buffer (50 mM Tris-HCl, pH 7.4, 1 mM EDTA, 400 mM NaCl, 1% Triton X-100, 0.1% SDS, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, and a protease inhibitor mixture). After 10 min on ice, an equal volume of ice-cold water was added and mixed thoroughly. The lysate was centrifuged at 14,000 rpm for 10 min, and the supernatant was used for immunoprecipitation. The prepared lysates were incubated with M2 FLAG mouse monoclonal antibody (Sigma) for 4 h at 4°C while nutating. During the final hour, we added 30 l (settled volume) of protein G-Sepharose beads (preblocked overnight with 10% bovine serum albumin in PBS) to each tube. The beads were washed three times with lysis buffer, and proteins were eluted with Laemmli loading buffer for analysis on SDS-PAGE.
Telomere Dysfunction-induced Foci (TIF) Analysis and IF/Fluorescence in Situ Hybridization-Telomeric DNA fluorescence in situ hybridization was combined with IF using a monoclonal mouse anti human 53BP1 antibody or TRF2 (Ab 647) using the protocol developed by Sedivy and co-workers (39) with the exception that a fluorescein isothiocyanate (FITC)-TelC (FITC-OO-CCCTAACCCTAACCCTAA, Applied BioSystems) probe was used to detect telomeric DNA. DNA was stained with 4,6-diamino-2-phenylindole.
RESULTS

Derivation of Cell Lines for This Study-
We set out to determine the expression levels of shelterin components in tumor cell lines with different telomere lengths and in primary human fibroblasts. For this study we used four HeLa cell lines; HeLaI and HeLaII are previously described (referred to as HeLa-L and HeLa-S, respectively, in Rer 40) and differ in the length of their telomeres. HeLaI telomeres are Ͼ20 kb, whereas HeLaII telomeres are in the 4-kb range. HeLaI was subjected to successive rounds of subcloning in our laboratory to maintain a source of cells with uniform long telomeres. The successive subclones are called HeLa1.2, HeLa1.2.11, and HeLa1.3. The telomere lengths of the HeLa clones from the last round of subcloning are shown in supplemental Fig. 1A , which demonstrates the previously noted telomere length heterogeneity of HeLa subclones (41) . This latest round of subcloning also yielded HeLa204, a cell line with telomeres in the 6-kb range. The telomere lengths of these new subclones are stable (supplemental Fig. 1B and data not shown). We executed genotypic analysis to ensure that the new HeLa cell lines as well as HeLa1.2.11 and HeLaII were indeed HeLa lines. The data showed that each carried identical alleles at 14 polymorphic loci (supplemental Fig. 1C ), indicating that they are derived from the same individual.
A third tumor line used in this study is the HTC75 cell line, a subclone of the HT1080 fibrosarcoma cell line with short telomeres (30) . This cell line is particularly relevant to telomere biology because it is the main cell line used for studies of telomere-length homeostasis. The primary human fibroblast strains, IMR90, WI-38, and MRC5 have been studied for their telomere biology extensively.
Development of a Method for Quantitative Assessment of TRF2-We first developed a technique for quantitative assessment of the shelterin components using TRF2 as a test case. To calibrate the TRF2 immunoblots, His-tagged TRF2 was purified from baculovirus-infected cells and used as a standard (Fig.  1A) . The TRF2 concentration in the standard was determined by comparison to known quantities of bovine serum albumin and correcting for the number of Coomassie-reactive amino acids (Lys, His, Arg) in TRF2 and bovine serum albumin. TRF2 signals in Western blots of whole cell lysates were compared with the baculovirus-derived TRF2 standard to estimate the number of TRF2 molecules per cell (Fig. 1, B and C) . The assay appeared robust in multiple independent experiments for TRF2 and the other shelterin components (see Table 1 ). A similar approach was used by Wu and Pollard to determine protein abundance in Schizosaccharomyces pombe (42) .
The cell lysates were normalized based on cell number rather than a control protein (e.g. tubulin) because of uncertainties associated with the expression level of any protein in these cells. Cell lysates were always derived from logarithmically growing cells to minimize variations due to cell cycle stage.
For the quantification of TRF2, both TRF2 species were taken into account. Unlike baculovirus-derived TRF2, TRF2 from human cells is represented in immunoblots by two closely migrating bands (Fig. 1B) . Both bands are derived from the TRF2 mRNA because both disappear upon TRF2 knockdown with shRNA (see Fig. 4 ). The difference between these two forms of TRF2 is not known; their relative abundance varies from cell line to cell line. When both forms of TRF2 were taken into account, all cell lines examined contained on the order of 0.5-1 ϫ 10 5 molecules of TRF2 per cell ( Fig. 1C and Table 1 ). If all TRF2 is bound to telomeric DNA, the chromosome ends are predicted to contain hundreds of copies of TRF2. The abundance of TRF2 was not lower in the cells with short telomeres (HeLaII, HeLa204, HTC75, IMR90, and MRC5 cells, Fig. 1C , Fig. 2 , and data not shown) compared with HeLa cells with long telomeres. The abundance of TRF2 in the cells with short telomeres could potentially represent a 10-fold higher density of loading of TRF2 per kb of telomeric DNA. However, indirect IF analysis of MRC5, IMR90, and HTC75 cells performed in parallel with HeLa1.3 cells showed more TRF2 staining throughout the nucleus in the cells with short telomeres (supplemental Fig. 2 and data not shown). Treatment with shRNA showed that this non-telomeric signal is derived from TRF2 (supplemental Fig. 2) . Therefore, the total amount of TRF2 per cell may, not reflect the loading of TRF2 per telomere.
Quantitative Analysis of all Six Shelterin Components-Having established a procedure to quantify the expression level of TRF2 in different cell lines, we applied the same approach to the other shelterin components. For each shelterin component, immunoblots were calibrated using purified baculovirus-derived proteins for which the concentration was determined as detailed above for TRF2. The shelterin components were analyzed in whole cell lysates of HeLa1.3 and HTC75 cells. Each protein was detected with affinitypurified antibodies developed in our laboratory for which the correct band(s) in whole cell lysates were identified based on prior purification efforts and/or shRNA knockdown results (Refs. 3, 5, 14, 17, 25, 36 and see below). For the TPP1 antibody, we identified the relevant species based on their co-immunoprecipitation with TIN2 and POT1 (supplemental Fig. 3 ). These experiments identify TPP1 as a set of three bands migrating around 50 kDa in 8% SDS-polyacrylamide gels.
As for TRF2, all three bands were taken into account in the analysis of the abundance of TPP1. Finally, our antibody to POT1 detects two versions of this protein, full-length POT1 and POT1-55, which lacks one of the two OB-folds (Ref. 36 and data not shown). In all cell lines tested, POT1-55 was 3-fold less abundant than full-length POT1, and the two proteins behaved the TRF1  40  40  270  25  25  180  TRF2  60  60  420  120  120  860  Rap1  190  65  440  370  150  1060  TIN2  125  100  720  150  120  840  TPP1  20  27  95  22  8  50  POT1  12  9  65  16  7  50 a Average chromosome number, 2n ϭ 71; telomere length, ϳ23 kb. b Average chromosome number, 2n ϭ 70; telomere length, ϳ4 kb. c Assuming all chromatin-bound protein is associated with telomeres.
same in cell fractionation experiments (data not shown), consistent with the previous finding that both versions of POT1 are capable of localizing to telomeres (36) . Both forms of POT1 were included in the quantification.
As an additional control for the quantitative assessment of shelterin proteins in cell lysates, we tested whether the presence of the proteins in a lane containing the complex mixture of proteins present in a cell lysate affects the quantification. To this end, purified recombinant protein was mixed in with known quantities of cell lysate, and the immunoblot signals were compared with the recombinant protein fractionated by itself or in the presence of bovine serum albumin (supplemental Fig. 4 ). These controls indicated that the immunoblotting signal of the known quantity of recombinant protein was enhanced in the lysate. This increase in detection was not observed for Rap1, but it occurred for all the other components. The increase ranged from 2 to 4-fold. We, therefore, incorporated a detection correction factor in the quantification of each of the shelterin components to account for this difference.
The results for HeLa1.3 cells showed that TRF1, TRF2, Rap1, and TIN2 are all abundant, present at 30 -200 thousand copies per cell ( Fig. 2 ; Table 1 ). The levels of TRF1 and TIN2 were very similar in HeLa1.3 and HTC75 cells, whereas both Rap1 and TRF2 were more abundant in HTC75 cells. This concordance between TRF2 and Rap1 levels is consistent with observations in mouse cells where Rap1 depends on TRF2 for its stability (26) .
Notably, TPP1 and POT1 were significantly less abundant than the other shelterin components, both present at 20,000 molecules per cell in HeLa1.3 and HTC75 cells ( Fig. 2; Table 1 ). POT1 and TPP1 were also significantly less abundant than TRF1⅐TRF2⅐Rap1⅐TIN2 in primary human fibroblasts (data not shown).
We verified that HTC75 cells were not an exception with regard to shelterin abundance by comparing both HT1080 cells (the HTC75 parental cell line with short telomeres) and HeLa204 (short telomeres) with HeLa1.3 (long telomeres) (Fig.  2C) . The analysis showed that there is no obvious correlation between the abundance of shelterin components and average telomere length.
We next asked what fraction of each of the shelterin proteins was chromatin-bound by fractionating HeLa1.3 and HTC75 cells (Fig. 3) . Most of TRF1 and TRF2 were found to be chromatin-bound with no detectable protein in the soluble fractions. In contrast, a substantial fraction of Rap1, TIN2, TPP1, and POT1 was recovered in the soluble fractions of HeLa1.3, HeLa204, and HTC75 cells (Fig. 3, A and B, and data not shown).
Making the assumption that the chromatin-bound shelterin proteins are associated with telomeric DNA, the quantitative findings indicate that each telomere may contain as little as 50 -100 molecules of POT1 and TPP1 (Table 1) . The other components of shelterin are much more abundant (Table 1) . If all chromatin-bound shelterin is actually associated with telomeres, the quantification also predicts that the HeLa1.3 cells with telomeres that are five times longer than those of HTC75 cells or HeLa204 cells do not contain five times more shelterin (Table 1 and Fig. 2C ). Quantification of the chromatin-bound proteins informs on the potential stoichiometry of the shelterin components at telomeres ( Table 1 ). The stoichiometry of TRF2 to Rap1 is in the range of 1:1, which is in good agreement with the approximately equal silver-staining for TRF2 and Rap1 in the purified endogenous chromatin-bound TRF2 complex (43) . Thus, each TRF2 dimer appears to be associated with two Rap1 molecules. TRF1 is 2-4-fold less abundant than the TRF2⅐Rap1 heterodimer, suggesting that TRF1 is a substoichiometric component. The abundance of TIN2 is sufficient to allow binding of one TIN2 molecule to each copy of TRF1 and TRF2 in the chromatin-bound fraction. TPP1 and POT1 are present at a roughly 1:1 stoichiometry, but the abundance of this heterodimer is ϳ10-fold lower than TIN2, the TPP1 interaction site in shelterin.
10-Fold Knockdown of TRF2 Affects Rap1 but Not TRF1, TIN2, TPP1, or POT1-A 10-fold reduction in the level of human POT1 results in a telomere deprotection phenotype (36) . Given that cells contain 5-10-fold more TRF2 than POT1, we wished to establish how a 10-fold reduction in TRF2 is tolerated. We tested 5 shRNAs directed against TRF2, 2 of which (sh1 and sh5) resulted in a 10-fold reduction of the TRF2 protein levels, as determined based on quantitative immunoblot analysis of HTC75 cells (Fig. 4A ). This level of knockdown was also achieved in HeLa cells and primary human fibroblasts (IMR90 and WI38) (Fig. 4C) . The reduction of TRF2 levels led to an obvious loss of TRF2 from the telomeres as deduced from IF analysis (Fig. 4B, supplemental Fig. 2 ). In contrast, TRF1 remained associated with telomeres as deduced from IF (supplemental Fig. 2 and data not shown) , and the levels of TRF1, TIN2, TPP1, and POT1 appeared unaltered based on immunoblotting (Fig. 4C) . Furthermore, the amount of TRF1, TIN2, TPP1, and POT1 recovered in the chromatin-bound fraction was unaltered (Fig. 4D) .
Whereas TRF2 shRNAs had no effect on TRF1, TIN2, TPP1, and POT1, the diminished TRF2 levels did affect Rap1. Although the overall level of Rap1 was only moderately diminished (Fig. 4C) , Rap1 was severely depleted from the chromatinbound protein fraction (Fig. 4D) , consistent with its dependence on TRF2 for telomere binding. However, this fraction of Rap1 constitutes only ϳ50% of the total Rap1 protein, with the remainder fractionating with cytoplasmic proteins. The cytoplasmic fraction of Rap1 was not affected by TRF2 levels and may not be associated with TRF2 as TRF2 is mainly present in the chromatin-bound fraction (Figs. 3 and 4D) . The partial depletion of Rap1 upon TRF2 knockdown contrasts the situation in mouse cells where deletion of TRF2 destabilizes most Rap1 (26) . Interestingly, the majority of mouse Rap1 fractionates together with TRF2 to the chromatin-bound fraction (supplemental Fig. 5 ). Thus, whereas most mouse Rap1 appears dependent on TRF2 and is chromatin-bound, 50% of the human Rap1 is recovered in the cytoplasmic fraction and is unaffected by TRF2 levels. This difference is yet another example of distinctions between the shelterin complex in human and mouse cells (27, 44, 45) .
Reduction in TRF2 Levels Affects Primary Human CellsThree primary human fibroblast strains (IMR90, WI38, and MRC5) showed a mild proliferation defect when TRF2 was knocked down by 10-fold (Fig. 5, A and B) , although there was no obvious effect on the rate of telomere shortening (Fig. 5, C  and D) . The cultures contained cells with a senescent morphology that stained positive for the senescence-associated ␤-galactosidase (Fig. 5E and data not shown) . Upon prolonged culturing, the TRF2 levels in the fibroblasts increased, consistent with a selection against cells with the lowest TRF2 levels (Fig. 5A) .
TRF2 knockdown induced 53BP1 TIFs in a small fraction (Ͻ10%) of the cells (Fig. 5, F and H) . As a positive control, parallel knockdown of POT1 resulted in a strong TIF response in the cells (Fig. 5, F and H) (36) . However, the TRF2 knockdown cells did show a significant number of very large 53BP1 foci that are reminiscent of the senescence DNA damage foci (46) previously noted in human cells undergoing replicative senescence (Fig. 5, G and H) . These foci did not co-localize with telomeric DNA and may represent telomeres that have been extensively shortened and have lost their ability to protect chromosome ends under conditions of limiting TRF2.
No Overt Telomere Deprotection in Tumor Cell Lines with Reduced TRF2 Levels-In contrast to the primary fibroblasts, the HeLa and HTC75 cells with a 10-fold reduced TRF2 level did not show overt signs of telomere deprotection (Figs. 5 and  6 ). Their rate of proliferation was unaffected by TRF2 knockdown (Fig. 6A) , and the cells did not contain a significant level of TIFs (Figs. 5H and 6B ). The tumor cell lines with diminished TRF2 levels did show large 53BP1 senescence DNA damagelike foci, similar to what was observed in primary fibroblasts (Fig. 5H) . It is possible that these foci represent sites of secondary damage caused by inhibition of TRF2, although HeLa and HTC75 cells did not show telomere fusions (Ͻ1 fusion per 1000 chromosomes) when TRF2 was knocked down. Consistent with the idea that HTC75 cells tolerate the reduced levels of TRF2, the level of TRF2 remained low over 100 PD (Fig. 6C) . Thus, most telomeres in tumor cells retain the ability to repress the telomere DNA damage response despite their 10-fold lower level of TRF2.
TRF2 Knockdown Induces Telomere Elongation-In three independent experiments, the telomeres of HTC75 cells infected with the TRF2 shRNAs (sh1 and sh5) showed gradual and progressive elongation (Fig. 6, D and E) . We have not been able to determine whether the telomere length phenotype is a result of depletion of TRF2 or Rap1 (or both) because extensive attempts to lower Rap1 levels by shRNA-mediated depletion were unsuccessful, possibly because Rap1 is synthesized in excess, and the Rap1 levels in the cell are determined by the expression of TRF2. However, a study by Songyang and coworkers (47) showed that diminished Rap1 levels could lead to telomere elongation.
In contrast to the effect on the length of the double-stranded telomeric region, TRF2 knockdown did not affect the structure of the telomere terminus, which has two characteristics; they are a 3Ј overhang of TTAGGG repeats and a 5Ј terminus with the sequence ATC-5Ј (38) . Quantitative assessment of the relative abundance of single-stranded TTAGGG repeats indicated that a 10-fold reduction in TRF2 levels did not affect this parameter (supplemental Fig. 6, A and B) . In addition, STELA assays of HTC75 cells showed that the majority of telomeres ended on the sequence ATC-5Ј and that TRF2 knockdown did not alter this pattern (supplemental Fig. 6, C and D) .
DISCUSSION
In this study we have aimed to determine the stoichiometry of the shelterin components in vivo. Although results represent rough estimates rather than precise measurements, several noteworthy aspects of the shelterin complex were revealed. The stoichiometry within shelterin is such that each copy of TRF1 and TRF2 dimers can bind to a copy of TIN2. In addition, each TRF2 is likely to be associated with one copy of Rap1. We do not know whether all the TRF1⅐TIN2 and TRF2⅐TIN2⅐Rap1 complexes are connected to each other, but it is clear from the data that TRF1 and TRF2 are not equally abundant. TRF1 is substoichiometric, making it likely that there are TRF2⅐TIN2⅐Rap1 complexes that lack TRF1. TPP1 and POT1 are present at roughly a 1:1 stoichiometry, consistent with their forming a heterodimer (49) and the dependence of POT1 on TPP1 for its stability (23) . The lower abundance of POT1 and TPP1 is in agreement with much greater ease of IF detection of TRF1, TRF2, TIN2, and Rap1 at telomeres than TPP1 or POT1. The substoichiometric presence of TPP1 in the shelterin complex argues against the idea that TPP1 is required to stabilize the TIN2⅐TRF1⅐TRF2 interactions as much of the TIN2⅐TRF1⅐TRF2 is predicted to lack an association with TPP1 (21) .
The finding that TPP1⅐POT1 are much less abundant at telomeres than TIN2 raises the question of what limits their presence telomeres. Expression of POT1 from a strong exogenous promoter does not increase the abundance of this protein in cells (25) , indicating that most POT1 is degraded. In mouse cells, co-expression of TPP1 stabilizes POT1 and leads to its greater accumulation at telomeres (23) . Thus, it is likely that POT1 loading is dictated by the level of TPP1 at telomeres. Therefore, it will be important to understand how the accumulation of TPP1 at telomeres is regulated.
The results show that the double-stranded DNA binding factors in shelterin, TRF1 and TRF2, as well as their interacting Shelterin Stoichiometry partners can be very abundant compared with the available TRF1/2 binding sites. HTC75 cells and other cells with relatively short telomeres (5 kb or shorter) contain sufficient TRF1 and TRF2 to provide every telomere with a thousand copies of these DNA binding factors. Given that each TRF1 or TRF2 dimer can associate with 2.5 copies of the TTAGGG repeat, this loading would have the potential to cover 7.5 kb of TTAGGG repeats, in excess of the available telomeric DNA. In agreement, IF analysis suggests that some of the TRF2 in these cells is not located at telomeres. As most of TRF2 is chromatin-bound, it will be of interest to determine whether this non-telomeric TRF2 (and perhaps TRF1) is associated with chromosome-internal TTAGGG sequences or bound to chromatin through nonspecific interactions. It may be useful to perform ChIP-sequencing analysis of TRF1-and TRF2-associated DNA to determine whether there are chromosome internal binding sites for these proteins (and their associated factors) and, if so, what they represent.
The abundance of TRF2, TRF1, and their interacting partners TIN2 and Rap1 at telomeres provides a plethora of binding sites for shelterin accessory factors, many of which are thought to be linked to a specific docking site in the TRFH domains (48) . Thus, it is possible that many different shelterin accessory factors are simultaneously bound to telomeres.
The loading of TRF1 and TRF2 on the long telomeres of HeLa1.3 cells is potentially less than in HTC75 and HeLa204 cells. HeLa1.3 cells only contain sufficient TRF1 and TRF2 to cover 10 -20% of the telomeric DNA. Despite this diminished loading density, these long telomeres also contain hundreds of copies of TRF1⅐TRF2⅐Rap1⅐TIN2, thus potentially providing extensive interaction surfaces for shelterin accessory factors. We consider it likely that the different loading density of TRF1 and TRF2 on short and long telomeres is responsible for the previously noted difference in the nucleosomal organization of the telomeres as detected by micrococcal nuclease experiments (40) .
TPP1⅐POT1 heterodimer, which associates with the sequence TTAGGGTTAG, is present in excess of its binding sites regardless of telomere length. There are an estimated 50 -100 copies of TPP1⅐POT1 per telomere, sufficient to cover 500 -1000 nucleotides of single-stranded DNA at each telomere. The single-stranded telomeric DNA ranges in length but is typically 50 -100 nucleotides and rarely larger than 400 nucleotides. Therefore, a fraction of the telomere-bound TPP1⅐POT1 may not be associated with single-stranded DNA. The quantitative assessment of the shelterin components is relevant to the analysis of telomeres by ChIP. ChIP with antibodies to each of the shelterin components on HeLa1.2.11 and HeLaII (long and short telomeres, respectively) yielded the same fraction of the telomeric DNA despite the vast difference in telomere length (25) . For instance, TRF1 antibodies brought down 16 and 14% of the telomeric sequences in HeLaII and HeLa1.2.11, respectively. Our original interpretation of those data were that long telomeres and short telomeres have the same density of loading of the shelterin components. Our current data leads us to question this interpretation as the quantitative assessment suggests a much more sparse loading of shelterin on longer telomeres. ChIPs are done after shearing the DNA to an average size of 1 kb. We estimate that HeLa1.2.11 (like HeLa1.3) will contain ϳ5 dimers of TRF1 per kb, whereas HeLaII (like HTC75) may have as much as ϳ10 -20 dimers of TRF1 per kb. In both cases there is likely to be sufficient TRF1 for antibody engagement even if the cross-linking of TRF1 to the DNA is not 100% efficient. Based on these data, we suspect that ChIP with shelterin proteins does not accurately report on changes in protein occupancy, although it does inform on the presence or absence of a particular factor. For instance, deletion of TRF2 from mouse cells abrogates the ChIP signals obtained with TRF2 or Rap1 (23) . However, a dominant negative allele of TRF2, which reduced the TRF2 ChIP efficiency by 2-fold (25), probably removed much more than half of the TRF2 from the telomeres. This dominant negative allele resulted in an extensive DNA damage response involving most telomeres (50) , which according to the current data requires loss of more than 90% of TRF2. Thus, the interpretation of ChIP data on changes in shelterin occupancy at telomeres may not be straightforward.
Implications for the Protein-counting Model of Telomere Length Control-The current model for telomere length regulation is that the telomeric DNA recruits a negative regulator of the telomerase pathway (29) . According to this model, the shortest telomere in a cell has a greater chance of being elongated because it will recruit less of the negative regulator. In the mammalian version of this protein-counting model (51), the shortest telomere would carry less of one or more shelterin components that inhibit telomerase action. Previous experiments involving dominant negative alleles and shRNA knockdown have shown that TRF1, TIN2, Rap1, POT1, and TPP1 behave as such negative regulators of telomere elongation by telomerase (for review, see Ref. 29) . Furthermore, overexpression and tethering experiments have confirmed that increased loading of TRF1 blocks telomere elongation by telomerase (52) . Our current data now extend this analysis to inhibition of TRF2, which was previously not feasible due to the lethal effects of inactivation of TRF2 with a dominant negative allele.
The observation that cells with short telomeres contain more shelterin than cells with long telomeres is not in disagreement with the proposed role of shelterin in telomere length homeostasis. Although we assessed the overall level of shelterin, our data do not refute the idea that an abnormally short telomere in a cell will contain less shelterin than the other telomeres and, therefore, would be a preferred substrate for telomerase. In fact, the higher level of shelterin in HTC75 cells, compared with the HeLa cells with longer telomeres, could explain why HTC75 cells can maintain their telomeres at a stable short setting despite their high telomerase activity.
Within the context of the protein-counting model, POT1 has been ascribed a special role because it is the best candidate protein to act as the direct inhibitor of telomerase (11, 14, 25, 31, 53) . Knockdown of POT1 or inhibition of its recruitment by TPP1 induces telomere elongation. Importantly, the DNA binding domain of POT1 is required for telomere length homeostasis, and in vitro experiments attest to the ability of POT1 to block the access of telomerase to the 3Ј end of a telomeric substrate (31) , although this inhibitory activity of POT1 is dependent on where it binds on the 3Ј overhang (11, 54) . In this regard our finding that TPP1 and POT1 are underrepresented on telomeres in comparison to their binding partner, TIN2, is pertinent. This finding argues against the simplest scenario for the protein-counting model wherein the length of the telomere, via the binding of TRF1⅐TRF2 and TIN2, is translated into greater loading of TPP1⅐POT1. In other words, TPP1⅐POT1 is not a good candidate for the proteins that are counted in the proteincounting model in which telomere length is gauged based on the number of associated telomere binding factors. The actual mechanism that allows cells to identify an abnormally short telomere in a cell remains to be illuminated. In addition, it needs to be clarified how the counting mechanism results in the inhibition of the telomerase by POT1 in a manner that is independent of the number of POT1 molecules loaded on the telomere. One possibility is that telomere-length homeostasis involves an as yet unknown modification of POT1 or its interacting factors.
